Abstract. Bioadband S and ScS displacement pulses from deep-focus earthquakes in the Sea of Okhotsk, recorded at analog and digital stations in North America and Europe, show complexities produced by velocity heterogeneity in the lower mantle.
Introduction
The question of whether subducted lithospheric slabs extend below the 670 km discontinuity is a fundamental problem in geophysics. The principal evidence for such lower mantle slab penetration has been travel time anomaly patterns from deep events in several subduction zones Jordan, 1984, 1986] . The importance of this issue mandates that independent procedures be used to test the slab penetration hypothesis. Silver and Chan [1986] have argued in favor of lower mantle slab penetration beneath the Sea of Okhotsk on the basis of observations of broadband, horizontally polarized S and ScS phases from several deep focus earthquakes. They observed broader, more complex tails on the S displacement pulses than on the ScS pulses at stations along the slab strike, which they attributed to multipathing of the S phases in a near-source deep slab structure. Since the S waves have shallower take-off angles than the ScS waves, they spend more time in the slab at azimuths along the strike of the subduction zone. For the deep-focus earthquakes, the slab must extend several hundred kilometers below the 670 km discontinuity in order to produce significant multipathing. In an alternate interpretation of the same data, Choy and Cormier [1986] (Figure 2 ). Three additional events produced stable SH radiation to Europe and were recorded at stations A1 and B1 of the Graefenberg (GRF) array in West Germany. We did not use data from distances greater than 76ø in order to avoid complications due to lowermost mantle stratification [Lay and Helmberger, 1983] .
Broadband 3-component digital data such as provided by the RSTN and GRF stations are extremely useful, but such instruments still have limited distribution (Figure 2) . In order to increase the azimuthal and distance coverage of the broadband data, which is critical to constraining the location of the deep mantle heterogeneity, we extracted broadband signals from short-and long-period S and ScS phases recorded at WWSSN and CSN stations. These data were digitized and rotated to obtain tangential component short-and long-period signals for both S and ScS phases for each station. Examples of the high quality SH data that can be obtained from the analog recordings are shown in The comparisons in Figure 6 reveal several fundamental aspects of the broadband S wave behavior requiring several scale lengths ofheterogeneities. The short scale scatter in the S and ScS waveform differences at any given azimuth or distance range is probably the result of small scale statistical heterogeneities affecting S and ScS comparably. The intermediate scale azimuthal anomaly at N40øE seems most easily attributed to a strong nearsource heterogeneity because of the rapid variations with rayparameter and azimuth. It is clear that while observations along the slab strike have the most pronounced waveform differences between S and ScS, these anomalies are not confined to the direct S phases. ScS sometimes shows substantially greater multipathing than S, which is not predicted by the raytracing calculations for slab models [Silver and Chan, 1986] . The largest anomalies are isolated as functions of distance, with closer ranges having the most pronounced waveform differences. The latter aspect poses a problem in interpreting the strong correlation found between the waveform anomalies and ScS-S travel time anomalies for observations along strike because the travel time anomalies must also have a range dependence. A baseline shift toward positive anomalies is observed over the entire azimuth range. This large scale pattern indicates the presence of ubiquitous lower mantle lateral heterogeneity that preferentially affects the S waves. One explanation is that the direct S waves can be strongly influenced by relatively weak lateral heterogeneity near their turning points in the lower mantle, while the ScS reflections turn at the perfectly reflecting core-mantle boundary.
Although this expanded data set shows some evidence consistent with a near source deep mantle structure beneath the Sea of Okhotsk, the data also appear to require independent lower mantle lateral heterogeneity as well.
